The amounts and types of extractable hydrocarbon components in sediment cores from the Rochester Basin of eastern Lake Ontario provide a record of environmental changes that have accompanied the settlement and population growth of the surrounding land areas. Sediments deposited prior to the mid-1800s contain low concentrations of hydrocarbons that are dominated by land-plant wax components. Concentrations begin to rise in the late 1800s as erosion of soil and nutrients from watershed areas accelerated. This pattern continues into modern times. Episodes of enhanced aquatic productivity are sometimes recorded in twentiethcentury sediments by the dominance of algal hydrocarbons, but land-plant components typically predominate. Petroleum residues begin to appear in sediments deposited in the late 1800's but remain minor constituents of the hydrocarbon contents of modern sediments in the Rochester Basin.
Introduction
The hydrocarbon fraction of organic matter in modern lake sediments is a combination of biologically synthesized components, other compounds derived from diagenetic alterations of biological matter, and anthropogenically derived materials, principally petroleum residues (Wakeham 1977a, b; Meyers 1987; Meyers and Ishiwatari 1993) . Hydrocarbons introduced to lake sediments tend to have long residence times for two seasons. First, higher-molecular-weight hydrocarbon components have relatively low water solubilities and vapor pressures and consequently associate strongly with sediment particles. Second, hydrocarbons as a group are less susceptible to degradation than most forms of organic matter because they lack the functional groups that impart chemical reactivity.
Hydrocarbon biomarker compounds and their distributions have proved useful in studies of the histories of organic matter accumulations in lake sediments. Differences in aquatic productivity are recorded in the types and amounts of hydrocarbons incorporated into lake sediments and by their degree of diagenetic reworking (Cranwell 1978 (Cranwell , 1981 Cranwell and Volkman 1981; Kawamura and Ishiwatari 1985) . Because hydrocarbon molecules are relatively more resistant to diagenetic modifications than other forms of organic matter, they provide long-lived indications of changes in sources of organic matter to lake systems (e.g., Giger and others 1980; Prahl and Carpenter 1984; Meyers and Ishiwatari 1993) . Hydrocarbon studies of sediment cores from Lakes Huron, Erie, and Ontario have revealed evidence of paleodepositional changes in the Laurentian Great Lakes (Meyers and others 1980; Meyers and Takeuchi 1981; Eadie and others 1991; Bourbonniere and Meyers 1996) . Of particular prominence are the human impacts associated with conversion of the lake watershed from forested land to farm land and with more recent cutcural eutrophication. Moreover, sediments from Saginaw Bay of Lake Huron record the advent of the use of petroleum within the watershed starting ca 1850 (Meyers and Takeuchi 1981) . Surficial sediments of Lakes Erie, St. Clair, and Ontario provide a record of contaminant dispersion in their hydrocarbon contents (Nagy and others 1984) . We report here hydrocarbon depositional records of two sediment cores from the Rochester Basin of Lake Ontario.
Sampling and analysis
Sediment coring and dating Sediment samples from Lake Ontario were obtained from stations E30 and G32 in the Rochester Basin of Lake On- Pb radiochronology (Eisenreich and others 1989) tario ( Fig. 1 ) in 1981. The water depths at these locations are 233 and 158 m, respectively. A 40 m box corer (50 cm square) was used to obtain undisturbed samples of the upper sediment record. Subcores from the box corer were sectioned on board ship by vertical hydraulic extrusion into 1-cm intervals down to 20 cm and 2-cm intervals from 20 to 40 cm. A 1.7-m-long Benthos 7.5-cm-diameter gravity corer was used to sample deeper sediments. Sediment was similarly extruded vertically from the Benthos gravity corer and sectioned into 1-cm intervals immediately after collection. Sections from both corers were frozen in solvent-cleaned glass jars on board ship and were freeze-dried within three months of collection. Sediment sections were weighed before and after drying to obtain cumulative dry weights. Companion subcores from the box cores were dated by the 210 Pb methods used by Robbins and coworkers on Great Lakes cores (e.g. Robbins and Edgington 1975) . The excess 210 Pb contents of the sediments were applied to a steady-state mixing model to determine sediment accumulation rates (Eisenreich and others 1989) . Approximate deposition dates were assigned to each section of the cores using the mass sedimentation rates previously reported from companion cores -E30: 0.0443 g cm P2 y P1 ; G32: 0.0767 g cm P2 y P1 (Eisenreich and others 1989 ) and the cumulative dry weights for the present cores. Data are presented relative to deposition dates rather than core depths to facilitate discussion and comparison between the two sites. Cores from both of these locations exhibit sediment mixing due to bioturbation, which indicates that the bottom waters have remained oxygenated. The mixing is less at the deeper station, E30, than at G32 and differentially integrates the sediment accumulation of a single year over a multi-year depth. The temporal resolution of near-surface sediments is consequently ca 11 yr at station E30 and ca 13 yr at station G32 (Eisenreich and others 1989) .
Organic carbon analysis
Organic carbon concentrations were determined by dry combustion of carbonate-free sediment samples at 1000 7C in a Leco IR-12 carbon analyzer. Carbonate was removed from intact dried sediment by treatment with concentrated sulfurous acid. Replicate analyses routinely agreed within a relative 3%. Organic carbon concentrations are reported on a whole-sediment basis.
Lipid extraction and analysis
Geolipids were Soxhlet-extracted with a 1 : 1 mix of toluene and methanol, partitioned, saponified, and methylated (Leenheer and others 1984) . Saturated hydrocarbon fractions were isolated on alumina over silica chromatography columns. They were analyzed with a Carlo-Erba 4160 gas chromatograph equipped with on-column injection and a 30-m fused silica capillary column coated with SE30. Quantification of individual hydrocarbon components was achieved using internal standards added before extraction and FID response factors determined using quantitative mixtures of known compounds. Unresolved complex mixtures (UCMs) of hydrocarbons were quantified manually with a polar planimeter. Data have been corrected for the small amounts of procedural contaminants determined by blank analyses.
Results and discussion
There are three distinctive, principal sources of hydrocarbons to the sediments of modern lakes. First, the hydrocarbon compositions of photosynthetic algae and bacteria are dominated by the C 17 n-alkane (e.g., Blumer and others 1971; Giger and others 1980; Cranwell and others 1987) . Second, hydrocarbons contributed from vascular plants on land or along the edges of lakes contain large proportions of C 27 , C 29 , and C 31 n-alkanes, which origi- Total extractable hydrocarbon contents of sediments from stations E30 and G32, Lake Ontario. Values of 1-cm intervals from the top 20 cm and of 2-cm intervals from 20 to 40 cm subbottom are plotted against year of deposition nate in the epicuticular waxy coatings of these plants (e.g., Hamilton 1963, 1967; Cranwell 1973; Cranwell and others 1987; Rieley and others 1991) . Finally, petroleum residues are common in the sediments of lakes near urban and suburban areas (Wakeham 1977a; Meyers 1987) . Petroleum hydrocarbons can be distinguished from biological hydrocarbons by two distinctive characteristics: (1) absence of the characteristic odd-carbon-number chain-length dominance of biological hydrocarbons, and (2) presence of a more diverse range of molecular structures than is found in biological hydrocarbon mixtures. This latter characteristic results in a mixture of hydrocarbon compounds that cannot be separated even by high-resolution capillary gas chromatography, giving rise to the term "unresolved complex mixture" or UCM. Sediments of Lake Ontario provide a historic record of change in sources of hydrocarbons, which in turn record historical changes in the lake and watershed ecosystems. Early settlement and forest clearance by European settlers in the mid-19th century produced an increase in lake productivity, which is marked by enhanced silica and organic carbon delivery to lake sediments others 1983, 1988) . Urbanization of the watershed and construction of sewage treatment systems after 1940 dramatically increased delivery of nutrients to the lake. Organic carbon delivery doubled and inorganic carbon accumulation increased by a factor of ten (Schelske and others 1988; Schelske and Hodell 1991) . These alterations of the earlier, pristine lake system left their imprints on the hydrocarbon composition of lake sediments.
Sediment accumulation rates
The radiometrically determined linear sedimentation rates from the two locations differ, with the result that the ages of the basal sediments recovered by the 40-cm box corer are different. The deeper station has a lower accumulation rate and consequently longer sediment record. The approximate ages of the oldest box core sediments are 1800 at station E30 and 1870 at station G32. Mass accumulation rates in Lake Ontario have not been constant over the periods of depositional history recorded in the cores. Schelske and others (1988) determined that the rates increased by ca 40% at station E30 and ca 30% at station G32 since the early part of this century. These increases are postulated to result partially from enhancements of aquatic productivity since the mid to late 1800s others 1983, 1988; Schelske and Hodell 1991) and partially from progressively more land erosion resulting from continued growth of human populations within the watersheds of the Great Lakes (Bourbonniere and Meyers 1996) . These changes have also impacted accumulation of organic matter over these time periods.
Organic carbon records
Concentrations of organic carbon are elevated in the more recently deposited sediments and decrease with depth of burial (Fig. 2) . The upper sediment intervals from stations E30 and G32 in Lake Ontario have concentrations between 4 and 5%, whereas deeper sediments contain 1.5-2% organic carbon. The organic carbon records in both cores indicate important changes in organic matter deposition. The Lake Ontario watershed was deforested for agriculture between 1820 and 1850 (Schelske and others 1983) . The removal of forest cover resulted in increased delivery of dissolved phosphorus from land to the lake, enhancing aquatic productivity. Schelske and others (1988) note that organic carbon concentrations in these Lake Ontario cores follow the increases in phytoplankton abundance expected from the phosphorus enrichments. Organic carbon levels in sediments gradually increased in response to the higher productivity until about 1950. After this, postwar growth of urban and suburban areas greatly enhanced nutrient delivery to the Great Lakes, causing a marked increase in both aquatic productivity and the rate of carbon accumulation.
Extractable hydrocarbon records
Concentrations of extractable hydrocarbons vary through the records of organic matter deposition provided by the sediment cores, yet an unmistakable trend towards higher values in recent sediments is apparent at both sites (Fig.  3) . The variability may originate partially from either numerous short-term changes in the hydrocarbon content of organic matter or from fluctuations in the amounts of hydrocarbons that are preserved in the sedimentary record. The second possibility is unlikely, because studies of relative apparent decomposition rates of organic matter settling in Lake Michigan show that hydrocarbons degrade two to three times slower than does total organic matter (Meyers and Eadie 1993) . Moreover, the record of total organic carbon accumulation in these two cores is less variable than the hydrocarbon record and consequently fluctuations in hydrocarbon preservation cannot be an important cause of the variability seen in Fig. 3 . Instead, these hydrocarbon accumulation records indicate that the proportions of hydrocarbons in the deposited organic matter have fluctuated and have increased in the source materials. Schelske and Hodell (1991) have noted a correspondence between carbon isotope contents, years of early onset of thermal stratification, and enhanced algal productivity in the sedimentary record at station G32 in Lake Ontario. Environmental fluctuations of this type can potentially affect the supply of organic matter to the sediments, even though their record is integrated over the temporal resolutions of the core intervals. These postulated fluctuations may similarly impact the proportions of hydrocarbons in the sedimentary records of Lake Ontario. The trend towards increasing concentrations of hydrocarbons beginning ca 1930 in both cores (Fig. 3) evidently records progressively greater delivery of hydrocarbons from watershed sources. Further evidence that watershed sources are the major controls on the hydrocarbon loadings of recent sediments is implied by the concentration patterns reported by Nagy and others (1984) . Highest concentrations (`1000 mg kg P1 sediment) exist near the entrance of the Detroit River to western Lake Erie and evidently reflect industrial contributions. In contrast, the average hydrocarbon concentration for sediments of Lake Ontario is ca 100 mg kg
P1
. The value that Nagy and others (1984) find for the Rochester Basin, 126 mg kg P1 is very close to the surficial concentration we measured at station E30 (140 mg kg
). Because total extractable hydrocarbon concentrations were determined by Nagy and others (1984) using infrared spectrophotometry, molecular evidence of their sources is not available.
Changes in contributions of biological hydrocarbons
The relative contributions of the suite of individual n-alkanes included in the total extractable hydrocarbon fractions can provide information about the biological sources of these geolipids. We employed a ratio of these biomarker n-alkane source indicators to investigate possible changes in the terrigenous/aquatic mixture of hydrocarbons in these cores of Great Lakes sediment. The ratios of terrigenous to aquatic n-alkanes were estimated as: terrigenous/aquatic ratio (TAR)p(C 27 cC 29 cC 31 )/ (C 15 cC 17 cC 19 ). Higher values for this parameter indicate increased watershed sources of lipid matter relative to aquatic sources. The n-alkane TAR is generally larger than 1 and quite variable in all the cores for sediments deposited since the beginning of the 1900s, but it is less than 1 and less variable in the older sedimentary record available from Lake Ontario (Fig. 4) . Contributions of land-derived organic matter typically contain higher proportions of n-alkanes than do those from aquatic algae, and consequently parameters like the TAR overrepresent the absolute amounts from terrigenous sources (cf. Cranwell and others 1987; Goossens and others 1989) . This ratio nonetheless is valuable for determining changes in relative contributions of organic matter from land and lake flora. The contrast between the low TAR values in older sediments and the higher and more variable values since the Environmental Geology 28 (1) July 1996 7 Q Springer-Verlag beginning of this century reflects a change in geolipid sources. The twentieth-century Lake Ontario sediments record progressively larger pulses of land-derived hydrocarbon delivery to this lake. This pattern reflects the increasingly urbanized character of the watershed, which has accelerated land runoff from paved roadways and from domestic wastewaters. Paradoxically, this factor has also increased nutrient supply to the lake flora and has caused eutrophication (e.g., Schelske and others 1983; Schelske and Hodell 1991) . The low TAR values interspersed among the high twentieth-century values probably record periods of enhanced algal production, inasmuch as organic carbon accumulation increases continually since ca 1870 (Fig. 2) . The isotopic shift to more recent heavier d
13 C values (Schelske and Hodell 1991) shows that aquatic productivity in Lake Ontario has indeed increased over this period of sediment accumulation.
Hydrocarbons in general are less susceptible to microbial destruction during and after sedimentation than are most other types of organic matter (e.g., Prahl and Carpenter 1984; Meyers and Eadie 1993; Meyers and others 1995) , and the terrigenous long-chain hydrocarbons are less likely to be destroyed than are the short-chain algal hydrocarbons (Giger and others 1980; Cranwell 1984) . Where preservation of organic matter is enhanced, the presence of larger amounts of normally degraded organic matter fractions diminishes the hydrocarbon proportions. At the same time, enhanced preservation of algal n-alkanes depresses TAR values. The TAR values of ca 1 in pre-1880 sediments in Lake Ontario reflect small contributions of terrigenous n-alkanes during the originally oligotropic conditions of the Great Lakes.
Record of petroleum hydrocarbon contamination
The presence of petroleum hydrocarbons in modern sediments of the Rochester Basin is shown by the large UCM proportion in the chromatogram of surficial sediments from station E30 (Fig. 5) . The size of the UCM component remains large in sediments deposited since 1900, and gradually becomes smaller in older core sections. It is a minor contribution to the total hydrocarbons in sediments at 50-55 cm (Fig. 5) , which represent pristine, pre- European settlement conditions of the Lake Ontario watershed. The history of petroleum hydrocarbon accumulation in sediments of eastern Lake Ontario is summarized by the downcore UCM concentration profiles at stations E30 and G32 (Fig. 6 ). Concentrations at both locations are highest in surface sediments and decrease irregularly with depth, becoming minor in core intervals deposited prior to ca 1880. These profiles mirror the change in UCM contribution to sediments of Saginaw Bay, Lake Huron, reported by Meyers and Takeuchi (1981) . Diagenetic degradation of the petroleum residues in older sediments is unlikely to be an important contribution to these profiles inasmuch as hydrocarbons are relatively unreactive forms of organic matter. The downcore patterns of decreasing UCM concentrations consequently reflect a progressive proportional increase in petroleum hydrocarbon contributions to the biological hydrocarbon accumulations in the modern sediments of these lake areas. A variety of sources undoubtedly contributes to the petroleum hydrocarbons that have accumulated in the sediments of the Rochester Basin. Direct inputs of fuels, lubricants, and partially combusted fuels from commercial and recreational vessels on the lake and its tributary rivers are probable. Suspended solids in wastewater effluent carry petroleum residues that can settle out and accumulate in bottom sediments (Van Vleet and Quinn 1977) . The major source, however, is likely to be stormwater runoff from paved roadways in the drainage basin. Wakeham (1977a, b) determined that approximately 85% of the petroleum hydrocarbons found in the sediments of Lake Washington were delivered as runoff. The UCM profiles in Fig. 6 evidently record the chronic, nonpoint source input of petroleum residues to Lake Ontario beginning about 110 years ago and continuing to the present. The pattern of increasing delivery of petroleum residues is mimicked in part by delivery of anthropogenic lead and polycyclic aromatic hydrocarbons to the sediments of the Rochester Basin. Graney and others (1995) document an increase in lead concentrations starting soon after the introduction of leaded gasoline in 1930. This increase eventually reaches six times the delivery of lead from natural sources before decreasing since use of leaded gasoline has been curtailed. The similarities between the petroleum and lead increases suggests a common linkage in residues from automobile exhausts. An important difference, however, is that petroleum usage pre-and postdates the use of lead tetraethyl in gasoline, and this is apparent in the appearance of hydrocarbon increases beginning in the late 1800s and increasing to recent sediments (Fig. 6 ). Eadie and others (1991) show that the sediment burden of combustion-derived polycyclic aromatic hydrocarbons begins to increase in the late 1800s as the regional economy changes from an agricultural society to an industrial one. Concentrations of these hydrocarbons diminish rapidly in sediments deposited after the mid-1900s as coal was replaced by petroleum as the principal energy source. Moreover, an important difference between the delivery records of the anthropogenic materials and of natural hydrocarbons is that biological components dominate the hydrocarbon compositions throughout the histories of accumulation at both Rochester Basin sites.
Summary and conclusions
Our comparison of the hydrocarbon contents of sediments from two locations in the Rochester Basin of Lake Ontario shows that these components provide information about the aspects of the changes in the watershed and aquatic ecosystems of this lake. A summary of our findings is: 1. Sediment organic carbon concentrations and hydrocarbon compositions record progressively greater delivery of organic matter to the lake as a result of human disturbances to the ecosystems of the lake and watershed. Eutrophication, deforestation, and urbanization have been major influences. 2. Petroleum hydrocarbon residues began to be introduced into the lake starting in the late 1800's. These nonbiological hydrocarbons started to accumulate in the sediments of the Rochester Basin beginning around 1880 and have continued to increase in concentration. 3. Despite the record of increasing petroleum burden, these Lake Ontario sediments are not heavily contaminated. Petroleum residues comprise only a few percent of the hydrocarbon contents and only a few tenths of a percent of the total organic matter of modern Rochester Basin sediments.
